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(57) ABSTRACT

An exercise feedback system momnitors the performance of
athletes wearing a garment with sensors while exercising.
The sensors generate physiological data such as muscle
activation data, heart rate data, or data describing the ath-
lete’s movement. The system extracts features from the
physiological data and compares the features with reference
exercise data to determine metrics of performance and
biofeedback. Based on the physiological data, the system
may also modily exercise training programs for the athlete.
The exercise feedback system can display the biofeedback
using visuals or audio, as well as modified exercise traiming
programs, via the athlete’s client device 1n real time while
the athlete 1s exercising. By reviewing the biofeedback, the
athlete may correct the athlete’s exercise form to properly
use the target muscles for the exercise, or change the certain
workouts to personalize the training program.
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EXERCISE BIOFEEDBACK USING
SENSOR-EQUIPPED ATHLETIC GARMENTS

BACKGROUND

1. Field of Art

This description generally relates to sensor-equipped ath-
letic garments, and specifically to detecting athletic perfor-
mance using sensor-equipped athletic garments and provid-
ing exercise feedback in response.

2. Description of the Related Art

Sensors record a variety of information about the human
body. For example, electrocardiograph (ECG) electrodes
can measure electrical signals from the skin of a person that
are used to determine the person’s heart rate. In addition,
clectromyography (EMG) electrodes can measure electrical
activity generated by a person’s muscles. Heart rate and
muscle movement information may be usetul for evaluating,
the person’s physiological condition, for imstance, while
exercising. This mformation may also be used to evaluate
the performance of an athlete during strength and condition-
ing training.

When exercising, athletes and coaches may not be able to
determine whether the athlete 1s properly performing certain
types of exercises. For example, a bench press exercise has
a proper form that requires an athlete to focus on exerting a
particular set of muscles 1n the upper body. Performing
exercises with improper form results in suboptimal exercise
training for athletes, and may even cause mjury to an athlete.
Also, without proper form, the athlete may not be gaining,
the intended benefit from an exercise (e.g., strengthening a
specific muscle group targeted by the exercise). Addition-
ally, athletes may not recognize when they reach a level of
tatigue that 1s negatively impacting their exercise pertor-
mance. Currently, an athlete can work with a coach who
observes the athlete’s performance and provides feedback.
However, 1t may not be practical for an athlete to exercise
with a coach at all times. Further, feedback provided by
coaches can be subjective, based on how the athlete feels at
a given time, or a rough observation by the human eye of the
motion of the athlete.

SUMMARY

An exercise feedback system momnitors the exercise per-
formance of athletes. Athletes wear a garment with sensors
while exercising. The sensors generate physiological data
such as muscle activation data, heart rate data, or data
describing the athlete’s movement. The exercise feedback
system extracts features from the physiological data and
compares the features with reference exercise data to deter-
mine metrics of performance. For example, the reference
exercise data indicates the athlete should primarnly use the
pectorals and triceps muscles while performing bench press
exercises. I features based on the muscle activation data
indicate that an athlete 1s correctly using the primary
muscles, the exercise feedback system determines a satis-
factory metric of performance. Otherwise, the exercise feed-
back system determines an unsatisfactory metric of perfor-
mance and informs the athlete wvia biofeedback. For
example, the exercise feedback system displays the biofeed-
back using visuals or audio via the athlete’s mobile device
in real time while the athlete 1s exercising. By reviewing the
biofeedback, the athlete may correct the athlete’s exercise
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form to properly use the primary muscles for the exercise.
Incorporating physiological data, muscle usage data, exer-
tion data, timing data, and/or fatigue data mto the process of
providing exercise feedback personalizes the athlete’s train-
ing to improve training results.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram of a system environment for moni-
toring exercise data according to one embodiment.

FIG. 2 1s a diagram of a sensor-equipped athletic garment
according to one embodiment.

FIG. 3 1s a diagram of an exercise plan model used by the
exercise feedback system according to one embodiment.

FIG. 4A 1s a block diagram of an exercise feedback
system according to one embodiment.

FIG. 4B 1s a block diagram of a client device according
to one embodiment.

FIG. SA 1s a diagram of an athlete performing a squat
exercise while wearing a sensor-equipped garment accord-
ing to one embodiment.

FIG. 5B 1s a user interface showing muscle activation
teedback according to one embodiment.

FIG. 5C 1s a user interface showing exercise balance
teedback according to one embodiment.

FIG. 8D 1s a user iterface showing exercise set score
teedback according to one embodiment.

FIG. 5E 1s a user interface showing an exercise training
program according to one embodiment.

FIG. 5F 1s a user mterface showing a modified version of
the exercise training program shown 1n FIG. SE according to
one embodiment.

FIG. 6A 1s a diagram of an athlete performing a bench
press exercise while wearing a sensor-equipped garment
according to one embodiment.

FIG. 6B 1s a user interface showing muscle activation
teedback according to one embodiment.

FIG. 6C 1s a user interface showing target muscle feed-
back according to one embodiment.

FIG. 6D 1s a user iterface showing exercise set score
teedback according to one embodiment.

FIG. 6E 1s a user interface showing an exercise training
program according to one embodiment.

FIG. 6F 1s a user interface showing a modified version of
the exercise training program shown 1n FIG. 6E according to
one embodiment.

FIG. 7 1s a flowchart of a process for providing exercise
teedback according to one embodiment.

FIG. 8 1s a flowchart of a process for modilying an
exercise training program according to one embodiment.

FIG. 9A 1s a user interface showing muscle activation
teedback for upper body muscles according to one embodi-
ment.

FIG. 9B 1s a user interface showing muscle activation
teedback for lower body muscles according to one embodi-
ment.

FIG. 9C 1s another user interface showing muscle activa-

tion feedback for lower body muscles according to one
embodiment.

FIG. 9D 1s a user interface showing muscle contribution
over time according to one embodiment.

The figures depict embodiments of the present invention
for purposes of illustration only. One skilled in the art will
readily recognize from the following discussion that alter-
native embodiments of the structures and methods 1llustrated
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herein may be employed without departing from the prin-
ciples of the mvention described herein.

DETAILED DESCRIPTION

I. System Overview

FIG. 1 1s a diagram of a system environment for moni-
toring exercise data according to one embodiment. The
system architecture includes an exercise feedback system
100, client device 110 (also referred to as an “athlete’s
device”), client device 120 (also referred to as a “coach’s
device”), and athletic garment 130 communicatively
coupled together via a network 140. Users of the exercise
teedback system 100 are also referred to herein as “athletes.”
In other embodiments, different and/or additional entities
can be 1ncluded in the system architecture.

The client devices 110 and 120 are computing devices
capable of recerving user mnput as well as transmitting and/or
receiving data via the network 140. A client device 15 a
device having computer functionality, such as a smartphone,
personal digital assistant (PDA), a mobile telephone, tablet,
laptop computer, desktop computer, or another suitable
device. In one embodiment, a client device executes an
application allowing a user of the client device to interact
with the exercise feedback system 100. For example, a client
device executes a browser application to enable interaction
between the client device and the exercise feedback system
100 via the network 140. In another embodiment, a client
device interacts with the exercise feedback system 100
through an application programming interface (API) run-
ning on a native operating system of the client device, such
as JOS® or ANDROID™,

The network 140 includes any combination of local area
and/or wide area networks, including both wired and/or
wireless communication systems. In one embodiment, the
network 140 uses standard commumnications technologies
and/or protocols. For example, the network 140 includes
communication links using technologies such as Ethernet,
802.11, worldwide interoperability for microwave access
(WiIMAX), 3G, 4G, code division multiple access (CDMA),
digital subscriber line (DSL), BLUETOOTH®, Wi-Fi, Z1G-
BEE®, other suitable close-range networks, etc. Examples
of networking protocols used for communicating via the
network 140 include multiprotocol label switching (MPLS),
transmission control protocol/Internet protocol (TCP/IP),
hypertext transport protocol (HT'TP), simple mail transier
protocol (SMTP), and file transfer protocol (FIP). Data
exchanged over the network 140 may be represented using
any suitable format, such as hypertext markup language
(HITML) or extensible markup language (XML). In some
embodiments, all or some of the communication links of the
network 140 may be encrypted using any suitable technique
or techniques.

An athlete 150 wears the athletic garment 130 while
performing exercises. The athletic garment 130 records
physiological data, e.g., muscle activation data, heart rate
data, or motion data, of the athlete. Based on the physi-
ological data, the exercise feedback system 100 generates
exercise leedback personalized for the athlete. Further, a
coach of the athlete can view the exercise feedback on the
coach’s device 120 and provide additional feedback for the
athlete. The athlete can view the exercise feedback and any
additional feedback displayed on a user interface of the

athlete’s device 110.

II. Athletic Garment

FIG. 2 1s a diagram of a sensor-equipped athletic garment
130 according to one embodiment. The athletic garment 130
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includes sensors that contact the skin of an athlete wearing
the athletic garment 130. For example, the sensors can be
clectrodes that measure electromyography (EMG) signals
(electrical signals caused by muscle cells) also referred to as
muscle activation data or electrocardiograph (ECG) signals
(electrical signals caused by depolarization of the user’s
heart muscle 1n particular) also referred to as heart rate data.
The sensors may also include other types of sensors such as
accelerometers and gyroscopes (which generate motion data
based on the athlete’s movement), temperature sensors,
pressure sensors, humidity sensors, etc. The sensors gener-
ate physiological data of the athlete based on the measured
signals. The sensors are communicatively coupled to a
processing unit 290. The processing unit 290 can aggregate
and analyze the physiological data from the sensors. The
processing umt 290 can also provide the physiological data
to the athlete’s device 110, coach’s device 120, or exercise
feedback system 100 via the network 140.

In the embodiment shown 1n FIG. 2, the athletic garment
130 includes eight sensors that record muscle activation data
from the athlete’s muscles nearby each sensor. In particular,

sensors 210 and 220 located on the right and left shoulder of
the athletic garment 130 can record muscle activation data of
the athlete’s deltoid muscles. Sensors 230 and 240 located
on the right and left sleeves of the athletic garment 130 can
record muscle activation data of the athlete’s triceps and/or
bicep muscles. Sensors 250 and 260 located on the right and
lett chest of the athletic garment 130 can record muscle
activation data of the athlete’s pectoral muscles. Sensors 270
and 280 located on the right and left abdomen of the athletic
garment 130 can record muscle activation data of the
athlete’s abdominal and oblique muscles. Though the ath-
letic garment 130 shown 1n FIG. 2 includes eight sensors and
the processing unit 290, in other embodiments, the athletic
garment 130 can include any number of sensors or other
types of components or electronics at any location or con-
figuration within the athletic garment 130.

It should be noted that while the athletic garment 130
shown m FIG. 2 1s a long sleeve shirt, the principles
described herein apply equally to any garment, including but
not limited to a short sleeved shirt, a tank top, pants, shorts,
or any other suitable garment. In embodiments where the
athletic garment 130 1s a pant, sensors ol the athletic
garment 130 can record muscle activation data from muscles
on an athlete’s lower body, e.g., quadriceps (also referred to
herein as “quad” or “quads”), gluteus maximus (also

referred to herein as “glute” or “glutes™), hamstrings, calves,
and the like.

III. Exercise Plan Model

FIG. 3 1s a diagram of an exercise plan model used by the
exercise feedback system 100 according to one embodiment.
The exercise plan model 1s a hierarchal model with a goal,
programs, workouts, exercises, and sets. The goal 300 1s an
objective that an athlete wants to work towards or achieve.
The goal can describe a general athletic characteristic, e.g.,
power, strength, hypertrophy, endurance, speed, or tlexibil-
ity. Additionally, the goal can describe more specific athletic
characteristics, e.g., vertical leap height, a long distance
running metric, or arm dexterity. Goals can describe a
training objective for a particular sport, e.g., football or
basketball, or player position for a sport, e.g., lineman for
football or point guard for basketball. Further, goals can
describe other objectives that the athlete 1s pursuing, e.g.,
losing weight, gaining muscle mass, or toning arm muscles.
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A goal 1s associated with one or more programs. An
athlete can complete programs, also referred to as exercise

training programs, to help achieve the corresponding goal.
In the embodiment shown in FIG. 3, the goal 300 is
associated with the programs 310A and 310B. In one
example where the goal 1s strength, the programs can
include “upper body strength,” “lower body strength,” and
“core body strength.” In another example where an athlete’s
goal 1s to train to play as a football lineman, the programs
can include “lateral movement,” “explosive power,” and
“upper body strength,” e.g., because these programs focus
on athletic skills that are useful for football linemen. In yet
another example where an athlete’s goal 1s to train to play as
a basketball point guard, the programs can include “lateral
movement,” “basketball dribbling,” and “arm strength,”
¢.g., because these programs focus on athletic skills that are
usetul for basketball point guards. Thus, the programs are
customized for an athlete based on the athlete’s specific
goals.

Each program 1s associated with one or more workouts.
Workouts are sets of exercises that an athlete can complete
consecutively or in one activity session as part of the
corresponding program. In the embodiment shown m FIG.
3, the program 310A 1s associated with the workouts 320A,
320B, and 320C. In one example where the program 1is
“upper body strength,” the workouts can include “shoulder
strength,” “upper back strength,” and “chest strength,” e.g.,
because these workouts each help develop strength 1n upper
body muscles. In another example where the program 1s
“lateral movement,” the workouts can include “lateral
speed,” “lateral agility,” and “lateral explosiveness,” e.g.,
because these workouts each help develop different lateral
movement skills.

Each workout 1s associated with one or more exercises.
An athlete can complete exercises as part of the correspond-
ing workout. In the embodiment shown i FIG. 3, the
workout 320A 1s associated with the exercises 330A, 330B,
330C, and 330D. In one example where the workout 1is
“upper body strength,” the exercises can include “bench
press” and “overhead squat”. In another example where the
workout 1s “lateral speed,” the exercises can include “lateral
lunge” and “lateral shutile.”

Each exercise i1s associated with one or more sets. An
athlete can complete sets as part of the corresponding
exercise. In the embodiment shown 1n FIG. 3, the exercise
330A 1s associated with the sets 340A, 3408, 340C, and
340D. Depending on the type of a set, the set 1s associated
with at least one of a weight, a number of repetitions, a
distance, or a duration 1n time for an athlete to perform the
exercise. In one example where the exercise 1s “bench
press,” the set indicates that the athlete should perform eight
repetitions lifting 180 pounds per repetition. In another
example where the exercise 1s “lateral shutlle,” the set
indicates that the athlete should perform a lateral shuflle for
5> meters 1n both the left and right directions for 5 repetitions,
or perform a lateral shuflile back and forth for 3 consecutive
minutes.

IV. Exercise Feedback System

FIG. 4A 1s a block diagram of the exercise feedback

system 100 according to one embodiment. The exercise
teedback system 100 includes a data processing module 400,
biofeedback module 410, exercise program builder 430,
exercise data store 440, and athlete data store 450. In other
embodiments, the exercise feedback system 100 may
include additional, fewer, or different components for vari-

10

15

20

25

30

35

40

45

50

55

60

65

6

ous applications, which are not shown so as to not obscure
the details of the system architecture.

The data processing module 400 processes physiological
data generated by sensors ol an athletic garment (e.g.,
athletic garment 130 shown 1n FIG. 2). The exercise feed-
back system can receive the physiological data from the
athlete’s device 110 or the processing unit 290 of the athletic
garment 130. The data processing module 400 can process
the physiological data by performing noise filtering or
feature extraction. Features can include a heart rate or level
of muscle activation for a certain muscle of an athlete. For
example, the data processing module 400 determines the
heart rate, e.g., 1n beats per minute, of an athlete based on
parameters from electrocardiograph data. In another
example, the data processing module 400 calculates the
amount of time that the heart rate of the athlete was within
a predetermined percentage range of the athlete’s maximum
heart rate. In another example, the data processing module
400 determines a level of muscle activation for a particular
muscle of an athlete based on the muscle activation data,
¢.g., an average ol the muscle activation data or a peak
amplitude of the muscle activation data. The level of muscle
activation can be represented as “low,” “medium,” or
“high,” a percentage value, or another other suitable range of
values.

In one embodiment, the data processing module 400
extracts features that represent the comparative contribution
of different muscle groups to an exercise. The activation of
a muscle over time can be accumulated to represent the
energy or work expended by the muscle during the move-
ment (e.g., of the exercise). The data processing module 400
may calculate the percentage contribution of the muscle to
the movement based on the ratio of work calculated for a
grven muscle to the sum of work calculated for all muscles
measured.

Further, the data processing module 400 can extract
temporal patterns from the physiological data. For example,
the data processing module 400 determines the time difler-
ence between a first muscle activation and a second muscle
activation, which may indicate how closely an athlete is
performing an exercise with proper form and whether the
athlete 1s using the correct sequence of muscles. The data
processing module 400 may determine sequencing and form
of an athlete’s performance of an exercise by comparing the
time diflerence between diflerent events of muscle activa-
tion data such as the start, end, or peak amplitude for each
muscle. Additionally, the data processing module 400 deter-
mines timestamps of an athlete’s movements based on
motion data, e.g., a timestamp corresponding to when the
athlete started an exercise, ended an exercise, or performed
a certain athletic movement such as a jump, sprint, lift of an
arm, or specific phases of a movement such as the lowering
or raising phase of a squat. The data processing module 400
can store the extracted features 1n the athlete data store 450
along with information i1dentifying the corresponding ath-
lete.

The data processing module 400 can determine features
based on a computation of one or more other features of
physiological data. For example, the data processing module
400 computes a ratio of a first level of muscle activation (of
an athlete’s left biceps muscle) to a second level of muscle
activation (of an athlete’s right biceps muscle), which can
indicate the athlete’s balance, form, or other types of met-
I1cs.

As another example, the data processing module 400
computes a level of aerobic fatigue or endurance based on an
athlete’s heart rate and/or the duration of time spent within
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different percentage ranges of the athlete’s maximum heart
rate. Additionally, the data processing module 400 may
determine a level of anaerobic fatigue or endurance based on
an accumulation of muscle activation over a predetermined
period of time, e.g., representing a rep, set, workout, or
program. The accumulation of muscle activation over time
represents the energy or work expended by the muscle and
may be aggregated across all muscle groups measured to
calculate an overall total work or load placed on the athlete’s
body. The data processing module 400 may use this infor-
mation to predict athlete fatigue.

The biofeedback module 410 generates biofeedback for
users of the exercise feedback system 100 based on features
extracted by the data processing module 400. The biofeed-
back indicates a metric of performance (e.g., satisfactory or
unsatisfactory) of an athlete performing exercises. The bio-
teedback module 410 can store the biofeedback in the
athlete data store 450 along with information 1dentitying the
corresponding athlete. The biofeedback module 410 can
compare the extracted features with features based on ret-
erence exercise data from the exercise data store 440. In one
example, the reference exercise data indicates a target range
of heart rate (e.g., heart rate after exercising or heart rate
while performing high intensity exercises) based on demo-
graphic information of an athlete (e.g., age or gender). It the
athlete’s heart rate indicated by the extracted features falls
within the corresponding target range, then the biofeedback
module 410 generates biofeedback indicating that the athlete
has a satisfactory heart rate.

In another example, the reference exercise data indicates
target muscle activation levels based on a given type of
exercise. For instance, for a squat exercise, the reference
exercise data indicates that the quadriceps or glutes should
tall within a given range of muscle activation. Additionally,
for a bench press exercise, the reference exercise data
indicates that the pectorals and deltoids should have a high
level of muscle activation and that the triceps should have a
medium to high level of muscle activation. The biofeedback
module 410 can compare the athlete’s actual muscle acti-
vation to the target muscle activation information. If the
extracted features indicate that an athlete’s muscle activation
levels do not meet the target muscle activation levels,
biofeedback module 410 generates biofeedback indicating
that the athlete performed the exercise with an unsatistactory
ceffort. If the extracted features indicate that an athlete’s
muscle activation levels are not balanced between corre-
sponding muscles (e.g., quadriceps 1 the left leg and
quadriceps 1n the right leg), biofeedback module 410 gen-
erates biofeedback indicating that the athlete has unsatistac-
tory balance. Further, the biofeedback can indicate that the
athlete 1s activating the incorrect muscles for a particular
exercise, e.g., the deltoids are activated more than the
pectorals or triceps during a bench press exercise.

In yet another example, the reference exercise data indi-
cates baseline motion profiles for various types of exercises.
The baseline motion profiles are based on motion data
generated by sensors (e.g., accelerometers or gyroscopes)
worn by a reference athlete, e.g., an expert that previously
performed a given exercise. The baseline motion profiles can
include a first profile generated when the reference athlete
performed the given exercise using proper form and second
profile generated when the reference athlete performed the
given exercise using an improper form. The biofeedback
module 410 can compare the athlete’s actual motion profiles
to the baseline motion profiles. If the extracted features
match features of the first profile, the bioteedback module
410 generates biofeedback indicating that the athlete 1is
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performing the exercise using proper form. If the extracted
features match features of the second profile, the biofeed-
back module 410 generates biofeedback indicating aspects
of the athlete’s form that deviate from desired proper form
(e.g., for a squat exercise, the athlete 1s not keeping their
shins straight, sitting back, and pushing through their heels
when raising out of the squat position). In addition to
baseline motion profiles, the reference exercise data can also
include baseline muscle activation data, timing data, fatigue
data, or heart rate data of an expert while performing a
particular exercise. The biofeedback module 410 can use
any of the baseline data for comparison with the features
extracted from the user’s performance of an exercise.

In one embodiment, by leveraging muscle activation,
timing, fatigue, or heart rate data across populations of
different athletic skill, the exercise feedback system 100
determines targets associated with muscle activation, tim-
ing, fatigue, or heart rate metrics to provide an understand-
ing to the athlete regarding how a given metric should
change to demonstrate progression. For example, based on
data of a population of athletes that have well trained lower
body posterior chains and proficiency 1n completing a dead-
l1ift movement, the exercise feedback system 100 determines
that the target (e.g., average) percentage contribution of the
glute and hamstring muscles (e.g., based on the work metric)
to the deadlift movement are approximately 40% and 30%,
respectively. In an example use case, a given athlete 1s
loading more of their quadriceps muscles, resulting 1 lower
glute and hamstring contributions, e.g., 25% and 20%.,
respectively. The exercise feedback system 100 provides the
given athlete with feedback to show their muscle contribu-
tion during the deadliit movement set-by-set to track prog-
ress towards the target percentage contributions.

The biofeedback module 410 can generate biofeedback
indicating a level of fatigue of the athlete. For example, the
athlete performs the first bench press exercise of a set using
proper form and performs the fifth bench press exercise of
the set (e.g., a set of eight total exercises) using improper
form. As the athlete fatigues, the athlete’s quality of move-
ment may sufler and the athlete deviates from the proper
form. Using the bench press exercise as an example, as the
athlete fatigues, 11 the athlete’s chest and triceps muscle are
weak, the athlete’s deltoids may compensate and thus have
a much greater contribution during the fifth set as compared
to the first set. The biofeedback module 410 may alert the
athlete about this change and provide biofeedback to correct
the athlete’s form. Further, the biofeedback module 410 may
provide an alert to a client device of the athlete’s coach. The
biofeedback module 410 can also determine the level of
fatigue based on heart rate data and muscle activation data.

The biofeedback module 410 can generate biofeedback
indicating that the athlete violated one or more exercise rules
while performing an exercise. The biofeedback module 410
retrieves exercise rules from the exercise data store 440. For
example, an exercise rule indicates that the athlete should
use the pectorals as the primary source of strength and the
triceps as a secondary source of strength when performing
bench press exercises. Exercise rules may be categorized
based on a level of priority. For example, an exercise rule
indicating that an athlete 1s using improper form (e.g.,
exerting quad muscles too much when performing a deadlit
exercise) 1s high priority, e.g., because failing to correct
improper form could injure the athlete. In contrast, an
exercise rule imndicating that the user is slightly unbalanced
when performing an exercise may have a lower priority. In
some embodiments, the biofeedback module 410 generates




US 10,357,688 B2

9

biofeedback based on higher priority exercise rules before
generating biofeedback based on lower priornity exercise
rules.

The biofeedback module 410 can generate biofeedback
for an athlete based on the athlete’s previously saved bio-
teedback in the athlete data store 450 and based on perfor-
mance trends determined from the saved biofeedback. Thus,
the biofeedback module 410 can compare the athlete’s
current performance to past performances and determine
performance trends over a period of time (e.g., a week,
month, or year). For example, the performance trends indi-
cate that the athlete’s form for a squat exercise 1s gradually
becoming more similar to the target proper form based on
reference exercise data. As another example, the perior-
mance trends indicate that the athlete 1s achieving satisfac-
tory metrics of performance for bench press exercises while
increasing the amount of weight lifted per exercise by an
average ol five pounds per month for the last six months.
The biofeedback module 410 may compare performance
trends between sets within a given workout for a given
exercise, or across multiple workouts. The biofeedback
module 410 may also compare overall workout level data,
¢.g., accumulated muscle activation data over the workout.
Based on the work metric, the biofeedback module 410 can
compare loading on different muscles between workouts and
evaluate 11 certain muscle groups are being over-trained or
under-trained with respect to other muscle groups.

The biofeedback module 410 can generate biofeedback
for an athlete based on mformation from a population of
athletes of the exercise feedback system 100, ¢.g., stored 1n
the athlete data store 450. The biofeedback module 410 can
compare the athlete’s performance with comparable other
athletes categorized by demographic data, geographic data,
athletic skill level (e.g., amateur or professional), or other
types of athlete data, e.g., one or more given sports played
by athletes, or position played by the athlete in the sport. For
example, the biofeedback module 410 generates biofeed-
back indicating that the athlete i1s lifting ten pounds more
than the average weight lifted by other athletes who are also
males and 1n the same weight group, e.g., 150 to 180 pounds.
In another example, the biofeedback indicates that the
athlete’s heart rate while performing a given cardio exercise
1s 10% lower on average than those other athletes while
performing the given cardio exercise who are 1n a same age
range, ¢.g., 20 to 30 years old. In another example, the
biofeedback module 410 compares the athlete’s perfor-
mance to more proficient or advanced athletes to understand
the diflerence and target for a given metric, e.g. decrease the
contribution of the quads by 10% and increase the contri-
bution of the glutes by 10%.

In one embodiment, the biofeedback module 410 gener-
ates a set score indicating a metric of performance of a set
of exercises performed by an athlete. The biofeedback
module 410 may generate the set score based on aggregate
data of muscle eflort, balance, and form. A high set score can
indicate that the athlete 1s consistently achieving or exceed-
ing satisfactory metrics of performance for the set of exer-
cises, €.g2., by performing exercises with proper form and
muscle activation. On the other hand, a low set score can
indicate that the athlete has unsatisfactory metrics of per-
formance throughout exercises in the set, e.g., by performing
exercises with improper form and unbalanced muscle acti-
vation. In one embodiment, the set score 1s a numerical value
between zero and ten. A high set score would be 1n the range
of seven to ten, a low set score would be 1n the range of zero
to three, and a medium (or neutral) set score would be 1n the
range of three to seven. In other embodiments, the set score
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can be represented 1n other forms, e.g., a percentage value,
a value between 0 and 100, or a letter grade such as “A.”
“B,” “C,” “13,” or “F.”

In one embodiment, the biofeedback module 410 gener-
ates set scores based on target metrics associated with a
given exercise, e€.g., whether data values indicating the
athlete’s exertion level, balance, and form are within a target
range of values associated with the given exercise. The
exertion level may be proportional to the athlete’s muscle
activation during the given exercise. The balance for a
particular muscle group 1s based on whether the left and
right muscles of the group have approximately the same
muscle activation or exertion levels. The form 1s based on
whether the athlete 1s exerting the target muscles, and 1n a
target sequence, for the given exercise.

The exercise program builder 430 generates exercise
training programs (e.g., corresponding to a program shown
in FIG. 3) for athletes of the exercise feedback system 100.
The exercise program builder 430 can generate an exercise
training program based on a certain goal provided by an
athlete, or can generate a set of predetermined exercise
training programs that athletes can choose from. The exer-
cise training program can include one or more workouts per
day, scheduled over a duration of time, e.g., a week, month,
year, €tc.

The exercise program builder 430 can modily exercise
training programs over time based on biofeedback from the
biofeedback module 410, input information from an athlete
received via the athlete’s device 110, or input information
from a coach of the athlete received via the coach’s device
120. For example, the mput information indicates that the
athlete wants a more challenging exercise training program,
so the exercise program builder 430 modifies exercise
training programs to include more workouts, more sets of
exercises, or exercises with greater amounts of weights. In
another example, the mmput information indicates that the
coach wants to reduce the number of workouts per week for
an athlete because the coach views biofeedback indicating
that the athlete 1s frequently becoming too fatigued during
workouts. Thus, the program builder 430 modifies exercise
training programs to include fewer workouts, fewer sets per
workout, or exercises with smaller amounts of weights.

FIG. 4B 1s a block diagram of the client device 110
according to one embodiment. The client device 110
includes an interface manager 460, exercise program mod-
ule 470, local exercise data store 480, and local athlete data
store 490. In other embodiments, the client device 110 may
include additional, fewer, or different components for vari-
ous applications, which are not shown so as to not obscure
the details of the system architecture. The client device 120
1s substantially the same as the client device 110, though as
previously noted, the client device 120 1s used by a coach of
the athlete using the client device 110.

In some embodiments, some or all of the functionality of
the exercise feedback system 100 may be performed by or
implemented within the client device 110. For example, the
client device may include a biofeedback module to generate
biofeedback based on physiological data received from the
athletic garment 130. This can be advantageous because the
client device 110 may not always have a network connection
while an athlete 1s exercising (e.g., the athlete’s gym does
not have internet available). Thus, the biofeedback 1s gen-
crated locally on the client device 110 without having to
upload the physiological data to the exercise feedback
system 100 for processing.

The interface manager 460 receives physiological data
from the athletic garment 130 and can provide the physi-
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ological data to the exercise teedback system 100 for further
processing. The interface manager 460 receives biofeed-

back, set scores, exercise training programs, and other
information from the exercise feedback system 100, e.g.,
reference exercise data or extracted features from the data
processing module 400. Based on the received information,
the interface manager 460 generates graphical user inter-

faces (further described 1n Sections V, VI, and VIII with
reference to FIGS. 5A-F, FIGS. 6A-F, and FIGS. 9A-D)
depicting the biofeedback, set scores, or exercise training
programs. The interface manager 460 can store physiologi-
cal data, biofeedback, set scores, or exercise training pro-
grams 1n the local athlete data store 490. The interface
manager 460 stores the reference exercise data and extracted
teatures 1n the local exercise data store 480.

The 1nterface manager 460 can receive athlete informa-
tion mput by the athlete via the client device 110. The
interface manager 460 can store the athlete information 1n
the local athlete data store 490 or provide the athlete
information to the exercise feedback system 100 to be stored
in the athlete data store 450. The athlete information can
describe, e.g., a goal of the athlete, demographic data (age
or gender), geographical location, one or more sports that
the athlete plays, history of injuries of the athlete, other types
of data such as biometrics 1ncluding weight and height.
Additionally, the interface manager 460 can receive infor-
mation input by a coach of the athlete via the client device
120, and provide the mput information to the exercise
teedback system 100.

The exercise program module 470 can modily exercise
training programs received from the exercise feedback sys-
tem 100. Similar to the exercise program builder 430, the
exercise program module 470 modifies the exercise training
programs based on physiological data, biofeedback, set
scores, or input from athletes or coaches. However, the
exercise program module 470 modifies the exercise training
programs locally on the athlete’s device 110 or coach’s
device 120. The exercise program module 470 can provide
the modified exercise training programs to the exercise
feedback system 100. In one example use case, the athlete
provides iput to modily an exercise training program. The
exercise program module 470 modifies the exercise training
program locally, but does not immediately provide the
modifications to the exercise feedback system 100 because
the athlete’s device 110 does not have a network connection.
The exercise program module 470 stores the modifications
in the local athlete data store 490 and provides the modifi-
cations to the exercise feedback system 100 at a later time
when the athlete’s device 110 has a network connection.
Afterwards, the exercise feedback system 100 can also
provide the modified exercise training program to a coach’s
device 120 for display to the athlete’s coach.

V. Example Use Case: Squat

FIG. 5A 1s a diagram of an athlete 150 performing a squat
exercise while wearing a sensor-equipped garment 130
according to one embodiment. The athlete 150 1s wearing
the sensor-equipped athletic garment 130 (a pair of shorts)
including sensors that generate muscle activation data about
the athlete’s lower body muscles, e.g., quadriceps and
glutes. The athlete 150 may be performing a set of the squat
exercise with a barbell, e.g., a set of ten repetitions with 45
pounds of weight on the barbell per repetition. FIGS. 5B-D
show user interfaces generated by the interface manager 460
in real time while the athlete 150 performs the squat exer-
cise.
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FIG. 5B 1s a user interface 500 showing muscle activation
teedback according to one embodiment. The muscle activa-
tion feedback 1s represented by a depiction of muscles
overlaid on an 1mage 505 of the athlete 150, e.g., based on
biofeedback generated by the biofeedback module 410. In
particular, the 1image 505 shows a metric for the athlete’s
right quadriceps 510 and left quadriceps 5135. The metrics
shown 1n FIG. 5B are depictions of the levels of exertion of
cach of the two muscles. The level of exertion may be
represented as an activation intensity, contribution based on
work, or any other metric output by the data processing
module 400. For example, the depiction of the right quad-
riceps 510 1s smaller than that of the leit quadriceps 515
because the athlete 1s exerting with higher activation inten-
sity on the left quadriceps 515. The user interface 500 may
include percentages alongside the different muscles to 1ndi-
cate activation 1ntensity or contribution of the corresponding
muscle to the movement. For example, the percentages of
8% and 20% correspond to the right quadriceps 510 and left
quadriceps 515, respectively. In addition, the depiction of
level of exertion on image 505 may be shown in near
real-time while the athlete 1s performing the exercise or may
be presented as a set or workout summary after completing
the exercise. FIG. 5B also shows another user interface 502
showing muscle activation feedback including a depiction of
muscles on the backside of the athlete, which 1s also overlaid
on an 1image 505 of the athlete 150. For example, the user
interface 502 shows activation intensity of the athlete’s
hamstrings 512 and glutes 514, which are also activated with
the quads 510 and 515 while the athlete performs a squat
exercise.

FIG. 5C 1s a user interface 520 showing exercise balance
teedback according to one embodiment. The user interface
520 shows a depiction, e.g., based on biofeedback generated
by the biofeedback module 410, of three categories 525 of
exercise feedback: eflort, balance, and muscles. The catego-
ries 5235 shown 1n FIG. 5C indicate that the athlete 150 1s has
a satisfactory metric (e.g., as indicated by the checkmark)
for effort and muscles, but not for balance (e.g., as indicated
by the X mark). Balance has an unsatisfactory metric, e.g.,
because the athlete 150 leans too far to the left when
performing squat exercises. Further, the graph 530 indicates
that the athlete 150 1s “20% leaning left,” for example, the
athlete 150 1s exerting approximately 20% more energy
using the left quadriceps than using the right quadriceps,
which 1s outside of a target range for balance (e.g., no more
than 10% based on an exercise rule in the exercise data store
440). In other embodiments, the metric for balance may be
based on other types of data such as the athlete’s accelera-
tion of each leg when jumping and landing while performing
the squats, or the timing between muscle activation of the
athlete’s right and left quadriceps (e.g., whether one quad-
riceps 1s activated slower than the other quadriceps when
umping).

FIG. 5D 1s a user interface 5335 showing exercise set score
teedback according to one embodiment. In particular, the
user interface 535 shows the set score 540 of “8.5” generated
by the biofeedback module 410. In one embodiment, the set
score 540 1s point value out of a total possible 10 points,
where a greater point value corresponds to a higher quality
performance. If the athlete’s metric for balance was satis-
factory, then the set score 340 would be a greater point
value, e.g., “9” or “10.”

FIG. 5E 1s a user interface showing an exercise training
program according to one embodiment. The exercise pro-
gram builder 430 generates the exercise training program for
an athlete, e.g., the athlete 150 shown 1n FIG. 5A performing
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squats, and includes workouts scheduled on a Monday,
Wednesday, and Friday of given week. On Monday, the
exercise training program includes a warm up workout 5435
and a strength workout 550. On Wednesday, the exercise
training program includes a cardio workout 555. On Friday,
the exercise training program includes a warm up workout
560 and a strength workout 565. The strength workouts 550
and 565 each include three sets of free squat exercises and
squat exercises. Each set also include 1 minute of rest time.
The free squat exercise has ten repetitions, and the squats
exercise has ten repetitions with 45 pounds (e.g., weight on
a barbell during each squat) per repetition. The cardio
workout 555 has one set of four repetitions of a treadmill run
exercise for 1 mile per repetition.

FIG. SF 1s a user mterface showing a modified version of
the exercise training program shown in FIG. 5E according to
one embodiment. Compared to the exercise training pro-

gram shown in FIG. 5E, the modified version has an

additional balance workout 370 scheduled on Wednesday
and a modified strength workout 565 scheduled on Friday.
The balance workout 570 includes four sets of alternating

lunges. The alternating lunge exercise 1s a unilateral exercise
focusing on each of the left and right sides separately. This
unilateral exercise allows the athlete to train the athlete’s left
quad, independently of the right quad, to strengthen the left
quad muscle rather than completing bilateral exercises such
as squats where the athlete may be biased toward one side
of muscles over the other side. The alternating lunge exer-
cise has five repetitions per side per set. The modified
strength workout 565 includes an additional single leg squat
BOSU® ball exercise with ten repetitions per side (e.g.,
right leg and left leg).

The exercise program builder 430 generates the modified
version of the exercise training program for the athlete 150
performing squats based on metrics of performance by the
athlete 150. For example, as shown in the user interfaces 1n
FIGS. 5B-D, the athlete 150 has an unsatisfactory metric for
balance. Thus, the exercise program builder 430 automati-
cally modifies (e.g., without requiring user input) the origi-
nal exercise training program shown in FIG. SE by adding
exercises that help develop the athlete’s balance 1n the lower
body, specifically, the alternating lunges and the single leg

squat BOSU® ball exercise.

V1. Example Use Case: Bench Press

FIG. 6A 1s a diagram of an athlete 150 performing a bench
press exercise while wearing a sensor-equipped garment 130
according to one embodiment. The athlete 150 1s wearing
the athletic garment 130 which 1s a shirt including sensors
that generate muscle activation data about the athlete’s
upper body muscles, e.g., pectorals, deltoids, and triceps.
The athlete 150 performs a set of the bench press exercise
with a barbell, e.g., a set of eight repetitions with 180 pounds
of weight on the barbell per repetition. FIGS. 6B-D show
user interfaces generated by the interface manager 460 in
real time while the athlete 150 performs the bench press
eXercise.

FIG. 6B 1s a user interface 600 showing muscle activation
teedback according to one embodiment. The muscle activa-
tion feedback 1s represented by a depiction of muscles
overlaid on an 1mage 605 of the athlete 150. In particular, the
image 605 shows a metric for the athlete’s right deltoids
610, right pectorals 615, and right triceps 620. The depiction
of the night deltoids 610 1s larger than those of the right
pectorals 615 and right triceps 620 because the athlete 1s
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using a higher contribution of the right deltoid compared to
the chest or triceps to complete a movement of an exercise.

FIG. 6C 1s a user interface 625 showing target muscle
teedback according to one embodiment. The user interface
625 shows a depiction, ¢.g., based on biofeedback generated
by the biofeedback module 410, of three categories 630 of
exercise feedback: eflort, balance, and muscles. The catego-
ries 630 shown 1 FIG. 6C indicate that the athlete 150 has
a satisfactory metric for effort and balance, but not for
muscles (also referred to as target muscles). The target
muscles has an unsatisfactory metric, e.g., because the
athlete 150 1s focusing on using the incorrect types of
muscles for the bench press exercise. In particular, the
checkmark and X marks in the depiction of target muscles
635 indicate that the athlete 1s using the deltoid muscles
more than the pectorals and triceps.

FIG. 6D 1s a user interface 640 showing exercise set score
teedback according to one embodiment. In particular, the
user interface 640 shows the set score 645 of “6.0”” generated
by the biofeedback module 410. If the athlete’s metric for
target muscles was satisfactory, then the set score 645 would
be a greater value.

FIG. 6F 1s a user interface showing an exercise training
program according to one embodiment. The exercise pro-
gram builder 430 generates the exercise training program for
an athlete, e.g., the athlete 150 shown 1n FIG. 6 A performing
bench presses, and includes workouts scheduled over two
weeks. On the first week, the exercise training program
includes a strength workout 650 on Monday and a strength
workout 655 on Friday. On the Monday of the second week,
the exercise traiming program includes a strength workout
660. The strength workouts each include three sets of bench
press exercises and 1 minute of rest time. The number of
repetitions per set of bench press exercises 1s eight for each
ol the three strength workouts, though the weight gradually
increases. Specifically, the weights in strength workouts
650, 655, and 660 are 180 pounds, 190 pounds, and 200
pounds, respectively.

FIG. 6F 1s a user interface showing a modified version of
the exercise training program shown 1n FIG. 6E according to
one embodiment. Compared to the exercise traiming pro-
gram shown in FIG. 6E, the modified version has an
additional strength workout 6635 scheduled on Wednesday of
the first week and another additional strength workout 670
scheduled on Friday of the second week. The strength
workout 665 includes three sets of overhead press exercises
and 1 minute of rest. Each set of overhead press exercises
has five repetitions of 85 pounds. The strength workout 670
1s substantially the same as the strength workouts 6350, 655,
and 660, but with a different weight. The weights for the sets
of bench press exercises are lower relative to those shown 1n
FIG. 6E. Specifically, the weights 1n strength workouts 655,
660, and 670 are 150 pounds, 160 pounds, and 170 pounds,
respectively.

The exercise program builder 430 generates the modified
version ol the exercise training program for the athlete 150
performing bench presses based on metrics of performance
by the athlete 150. For example, as shown in the user
interfaces in FIGS. 6B-D, the athlete 150 has an unsatisfac-
tory metric for target muscles. In particular, the athlete 150
has weak deltoid muscles, so the athlete’s deltoids are over
exerted when the athlete performs the bench press exercise.
Thus, the exercise program builder 430 automatically modi-
fies (e.g., without requiring user input) the original exercise
training program shown in FIG. 6E by adding exercises
(e.g., overhead press exercises) that help develop the ath-
lete’s deltoid muscle strength. Further, the exercise program
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builder 430 modifies the existing strength exercises by
reducing the amount of weight per bench press exercise.
Adjusting the amount of weight to a suitable level for the

athlete 150 helps the athlete exercise without under-exerting
or over-exerting beyond the athlete’s capabilities.

VII.

Example Process Flows

FIG. 7 1s a flowchart of a process 700 for providing
exercise Ieedback according to one embodiment. In some
embodiments, the process 700 1s performed by the exercise
teedback system 100—e.g., modules of the exercise feed-
back system 100 described with reference to FIG.
4 A—within the system environment in FIG. 1. The process
700 may include different or additional steps than those
described 1n conjunction with FIG. 7 1n some embodiments
or perform steps 1n diflerent orders than the order described
in conjunction with FIG. 7.

The exercise feedback system 100 receives 710 physi-
ological data from a garment worn by a user, e.g., the athlete
150 wearing garment 130 shown i FIG. SA, while per-
forming an exercise, e.g., squats. The physiological data 1s
generated by sensors of the garment (e.g., sensors 210-280
shown 1n FIG. 2) and can describe muscle activation data of
particular muscles of the user, heart rate data, or other types
ol data such as motion data. The biofeedback module 410
compares 720 the physiological data to reference data
selected based on the exercise. For example, the reference
data includes a target muscle data or a baseline motion
profile for squat exercises. The reference data can also be
based on previously generated physiological data of the user,
¢.g., during exercises that the user performed 1n the past. The
biofeedback module 410 generates 730 biofeedback based
on the comparison. The biofeedback may indicate a metric
of performance of the exercise by the user, e.g., whether the
user performed the exercise with a satisfactory level of effort
or balance, or using the proper form or target muscles. The
exercise feedback system 100 provides 740 the biofeedback
to a mobile device of the user, e.g., the athlete’s device 110
shown 1 FIG. 1. The biofeedback 1s displayed on a graphi-
cal user interface to the user. The graphical user interface can
include a depiction of the particular muscles of the user, e.g.,
the depiction of the right quadriceps 510 and left quadriceps
520 1n the user interface 500 shown i1n FIG. 5B. In other
embodiments, the athlete’s device 110 communicates the
metric of performance of the user 1n other suitable formats,
¢.g., as an audio feedback wvia speakers of the athlete’s
device 110, or visual feedback including text presented on a
display screen of the athlete’s device 110.

FIG. 8 1s a flowchart of a process 800 for modifying an
exercise training program according to one embodiment. In
some embodiments, the process 800 1s used by the exercise
teedback system 100—e.g., modules of the exercise feed-
back system 100 described with reference to FIG.
4 A—within the system environment in FIG. 1. The process
800 may include different or additional steps than those
described 1n conjunction with FIG. 8 1n some embodiments
or perform steps in different orders than the order described
in conjunction with FIG. 8.

The exercise program builder 430 generates 810 an exer-
cise traiming program for a user, e.g., the athlete 150 shown
in FIG. 6A. The exercise feedback system 100 receives 820
physiological data from a garment worn by the user while
performing an exercise of the exercise traiming program,
¢.g., the bench press exercise of a workout of the exercise
training program shown in FIG. 6E. The biofeedback mod-
ule 410 generates 830 a metric of performance of the
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exercise by the user. For example, the metric of performance
indicates that the user 1s not using all of the target muscles

for the bench press exercise, as shown i FIG. 6C. The
exercise program builder 430 modifies 840 the exercise
training program based on the generated metric of perfor-
mance. For example, the exercise program builder 430
modifies the exercise training program shown in FIG. 6E,
which to help the athlete train to use all of the target muscles
for bench press exercises. The exercise feedback system 100
provides 830 information representative of the modified
exercise traiming program (e.g., the user iterface shown 1n
FIG. 6F) to a mobile device (e.g., the athlete’s device 110
shown 1n FIG. 1) for display to the user. To improve the
clliciency of exercise traiming, 1t 1s important for the athlete
to understand whether the athlete 1s gaining the intended
training adaptation from the exercise or training program
(e.g., improving power, strength, hypertrophy, endurance,
speed, etc.)

VIII. Additional Example User Interfaces

FIG. 9A 15 a user interface 900 showing muscle activation
teedback for upper body muscles according to one embodi-
ment. The user mterface 900 shows the peak muscle acti-
vation (e.g., based on the amplitude of physiological data
generated by sensors) for a set of muscles during a particular
set completed by an athlete. For instance, the peak muscle
activations for the left and right pectorals are 99% and
124%, respectively. In some embodiments, the peak muscle
activation may be a percentage greater than 100% because
the percentage 1s relative to a baseline calibration value for
the corresponding muscle. In some embodiments, the peak
muscle activation 1s greater when the athlete 1s performing
exercises with power movements, e.g., lifting heavy weights
at a high velocity.

FIG. 9B 1s a user interface 910 showing muscle activation
teedback for lower body muscles according to one embodi-
ment. The user interface 910 indicates that the muscle
contributions for the mmner quads, outer quads, glutes, and
hamstrings are 73%, 18%, 6%, and 3%, respectively. The
biofeedback module 410 determines the muscle contribu-
tions based on the work (1.e., energy expenditure) of the
muscles over a period of time (e.g., corresponding to a set
of an exercise). In one embodiment, the biofeedback module
410 determines the muscle contributions based on the ratio
of work for a given muscle to the total accumulated work for
a set of muscles (e.g., the lower body muscles: inner quads,

outer quads, glutes, and hamstrings). The user interface 910
also indicates the muscle contributions distributed between
the left and rnight sides of each muscle.

FIG. 9C 1s another user interface 920 showing muscle
activation feedback for lower body muscles according to one
embodiment. The user interface 920 indicates that the total
work exerted by the athlete’s muscles during training ses-
sions on October 21, October 25, November 3, and Novem-
ber 4 are 346, 411, N/A (athlete did not complete a training
session that day), and 821. The height of each bar in the
graph 1s proportional to the total work for the corresponding
session. The user interface 920 also indicates percentages
representing the contribution of each muscle 1n the group of
lower body muscles shown 1n FIG. 9C to the total work. For
instance, the contribution for the inner quads, outer quads,
glutes, and hamstrings are 51%, 28%, 11%, and 10%.,
respectively, for the session on November 4.

FIG. 9D 1s a user iterface 930 showing muscle contri-
bution over time according to one embodiment. In particular,
the user mtertace 930 shows a bar graph and lines graphs on
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the same time axis. The bar graph indicates how much
weilght an athlete lifted for each set of an exercise on a given

day (e.g., session). For instance, during the session of
October 5, the athlete performed three sets of a squat
exercise with 30 pounds for each set. The overlaying line
graphs indicate the percentage muscle contributions for the
outer quads and the glutes, according to the legend of the
graph. In one example use case, the outer quad muscle
contribution increases and the glutes muscle contribution
decreases when the athlete performs sets of squat exercises
using greater weights, as shown in the section of the graph
corresponding to the session on October 13. The changes 1n
muscle contributions may help show a breakdown of proper
squat exercise form at greater weights because the athlete 1s
compensating for weaker glutes by exerting more energy
using the outer quads. The muscle contributions may also
change as result of the athlete’s fatigue over time. Thus, the
athlete or a coach may use the biofeedback shown 1n the user
interface 930 to modily future workouts, e.g., by reducing
the weights for squats.

IX. Additional Considerations

The foregoing description of the embodiments of the
invention has been presented for the purpose of illustration;
it 1s not intended to be exhaustive or to limit the mmvention
to the precise forms disclosed. Persons skilled in the relevant
art can appreciate that many modifications and variations are
possible 1n light of the above disclosure.

Some portions of this description describe the embodi-
ments of the invention in terms of algorithms and symbolic
representations of operations on information. These algo-
rithmic descriptions and representations are commonly used
by those skilled 1n the data processing arts to convey the
substance of their work eflectively to others skilled 1n the
art. These operations, while described functionally, compu-
tationally, or logically, are understood to be implemented by
computer programs or equivalent electrical circuits, micro-
code, or the like. Furthermore, 1t has also proven convenient
at times, to refer to these arrangements of operations as
modules, without loss of generality. The described opera-
tions and their associated modules may be embodied in
soltware, firmware, hardware, or any combinations thereof.

Any ol the steps, operations, or processes described
herein may be performed or implemented with one or more
hardware or software modules, alone or in combination with
other devices. In one embodiment, a software module 1s
implemented with a computer program product including a
computer-readable non-transitory medium containing coms-
puter program code, which can be executed by a computer
processor for performing any or all of the steps, operations,
or processes described.

Embodiments of the invention may also relate to a prod-
uct that 1s produced by a computing process described
herein. Such a product may include information resulting
from a computing process, where the information 1s stored
on a non-transitory, tangible computer readable storage
medium and may include any embodiment of a computer
program product or other data combination described herein.

Finally, the language used 1n the specification has been
principally selected for readability and instructional pur-
poses, and it may not have been selected to delineate or
circumscribe the inventive subject matter. It 1s therefore
intended that the scope of the invention be limited not by this
detailed description, but rather by any claims that issue on
an application based hereon. Accordingly, the disclosure of
the embodiments of the invention 1s intended to be illustra-
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tive, but not limiting, of the scope of the invention, which 1s

set forth 1n the following claims.

What 1s claimed 1s:

1. A method comprising:

for an exercise type:

recerving physiological data from a garment worn by a

user, the physiological data describing muscle activa-
tion of a plurality of muscles of the user while per-
forming the exercise type, the garment including a
plurality of sensors configured to generate the physi-
ological data;

determining a target muscle profile associated with the

exercise type, the target muscle profile derived from
reference data from at least one reference entity per-
forming the exercise type;
determiming, using the physiological data, a first muscle
contribution by the user activating a first muscle, hav-
ing a first muscle type, of the target muscle profile;

determining, using the physiological data, a second
muscle contribution by the user activating a second
muscle, having a second muscle type, of the target
muscle profile, the second muscle different from the
first muscle;

determining a time difference between a first muscle

activation associated with the first muscle contribution
and a second muscle activation associated with the
second muscle contribution;

generating biofeedback responsive to determining that the

second muscle contribution 1s greater than the first
muscle contribution, wherein generating biofeedback
further comprises determining usage of a correct
sequence of muscles for the exercise type, based upon
the time difference between the first muscle activation
and the second muscle activation; and

providing the biofeedback to a client device of the user.

2. The method of claim 1, wherein the plurality of sensors
are electromyography sensors or electrocardiograph sensors
that contact a surface of a skin of the user during perfor-
mance of the exercise type.

3. The method of claim 1, further comprising:

comparing the physiological data to reference data,

wherein the reference data 1s based on previously
obtained physiological data of a population of users,
and wherein the biofeedback further indicates a com-
parison of a metric of performance of the exercise type
by the user with an aggregate metric of performance of
the exercise type by the population of users.

4. The method of claim 3, wherein the population of users
comprises a reference athlete expert.

5. The method of claim 1, further comprising:

comparing the physiological data to reference data

selected based at least in part on the exercise type,
wherein the reference data indicates a proper form of
the exercise type.

6. The method of claim 5, further comprising:

determiming that the user deviated from the proper form

while performing the exercise type responsive to at
least determining that the second muscle contribution 1s
greater than the first muscle contribution.

7. The method of claim 1, wherein the biofeedback
indicates whether the user i1s performing the exercise type
with a satistactory level of eflort, with a satisfactory level of
balance, with a muscle contribution level within a target
range, or using a set of target muscles.

8. The method of claim 7, wherein the satisfactory level
of balance 1s based on a ratio of the first muscle contribution
associated with the first muscle type and a third muscle
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contribution of another muscle of the plurality of muscles
associated with the first muscle type.

9. The method of claim 1, wherein the graphical user
interface includes a depiction of the plurality of muscles
overlaid on a depiction of at least a portion of a body of the
user.

10. The method of claim 1, wherein the biofeedback
turther indicates a performance trend over time based on the
previously generated physiological data of the user.

11. A method comprising:

receiving physiological data and motion data from a

garment worn by a user, the physiological data describ-
ing muscle activation of a plurality of muscles of the
user while performing an exercise, the garment 1nclud-
ing a plurality of sensors configured to generate the
physiological data and the motion data;

determining a target muscle profile associated with a type

of the exercise, the target muscle profile derived from
reference data from a reference athlete performing the
exercise;
determining, using the physiological data, a first muscle
contribution by the user activating a first muscle, hav-
ing a first muscle type, of the target muscle profile;

determining, using the physiological data, a second
muscle contribution by the user activating a second
muscle, having a second muscle type, of the target
muscle profile, the second muscle different from the
first muscle:

determining a time difference between a first muscle

activation associated with the first muscle contribution
and a second muscle activation associated with the
second muscle contribution;

determining that the user deviated from proper form while

performing the exercise responsive to (1) determining
that the second muscle contribution 1s greater than the
first muscle contribution, (i11) determining that the user
deviated from a motion profile using the motion data,
(111) and determining usage of a correct sequence of
muscles for the exercise, based upon the time difference
between the first muscle activation and the second
muscle activation;

generating biofeedback indicating the deviation from the

proper form; and

providing the biofeedback to a client device of the user.

12. The method of claim 11, wherein the motion profile 1s
based on previously obtained motion data of a population of
users, wherein the biofeedback turther indicates a compari-
son of a metric of performance of the exercise by the user
with an aggregate metric of performance of the exercise by
the population of users, and wherein the population of users

comprises a set of users associated with similar demographic
data as the user.
13. A computer program product comprising a non-
transitory computer readable storage medium having
instructions encoded thereon that, when executed by a
processor, cause the processor to:
receive physiological data from a garment worn by a user,
the physiological data describing muscle activation of
a plurality of muscles of the user while performing an
exercise, the garment including a plurality of sensors
configured to generate the physiological data;

determine a target muscle profile associated with a type of
the exercise, the target muscle profile derived from
reference data from at least one reference entity per-
forming the exercise;
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determine, using the physiological data, a first muscle
contribution by the user activating a first muscle, hav-
ing a first muscle type, of the target muscle profile;

determine, using the physiological data, a second muscle
contribution by the user activating a second muscle,
having a second muscle type, of the target muscle
profile, the second muscle different from the first
muscle;

determine a time difference between a first muscle acti-

vation associated with the first muscle contribution and
a second muscle activation associated with the second
muscle contribution;

generate biofeedback responsive to determining that the

second muscle contribution 1s greater than the first
muscle contribution, wherein generating biofeedback
further comprises determining usage of a correct
sequence of muscles for the exercise, based upon the
time difference between the first muscle activation and
the second muscle activation; and

provide the biofeedback to a client device for display on

a graphical user interface to the user.

14. The non-transitory computer readable storage medium
of claim 13, further comprising instructions encoded thereon
that, when executed by the processor, cause the processor to:

compare the physiological data to reference data, wherein

the reference data 1s based on previously obtained
physiological data of a population of users, and
wherein the biofeedback further indicates a comparison
ol a metric of performance of the exercise by the user
with an aggregate metric of performance of the exercise
by the population of users.

15. The non-transitory computer readable storage medium
of claim 14, wherein the population of users comprises a set
of users associated with similar demographic data as the
user.

16. The non-transitory computer readable storage medium
of claim 13, further comprising instructions encoded thereon
that, when executed by the processor, cause the processor to:

compare the physiological data to reference data selected

based at least 1n part on a type of the exercise, wherein
the reference data indicates a proper form of the exer-
C1se.

17. The non-transitory computer readable storage medium
of claim 16, further comprising instructions encoded thereon
that, when executed by the processor, cause the processor to:

determine that the user deviated from the proper form

while performing the exercise responsive to at least
determining that the second muscle contribution 1is
greater than the first muscle contribution.

18. The non-transitory computer readable storage medium
of claim 13, wherein the biofeedback indicates whether the
user 1s performing the exercise with a satisfactory level of
clort, with a satistactory level of balance, or using a set of
target muscles.

19. The method of claim 1, further comprising;:

receirving motion data from the garment worn by a user,

the plurality of sensors further configured to generate
the motion data; and

determining that the user deviated from proper form while

performing the exercise responsive to (1) determimng
that the second muscle contribution 1s greater than the
first muscle contribution and (11) determining that the
user deviated from a motion profile using the motion
data.

20. The method of claim 1, wherein determining the first
muscle contribution comprises determining an accumulation
of activation of the first muscle over a first period of time

e
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corresponding to a phase of the exercise type, and wherein
determining the second muscle contribution comprises
determining an accumulation of activation of the second
muscle over the first period of time.
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